consumptive use). Efficiency improvements therefore reduce the effective cost of net irrigation, and producers optimally respond to this cost change by increasing net irrigation, ceteris paribus (Whittlesey; Whittlesey 2003, 1995) . In irrigated river basins, the change in net irrigation is the appropriate measure of water conservation, because much of the "lost" irrigation water is recaptured and returned to the watercourse. In regions irrigated from deep aquifers such as the Ogallala, on the other hand, conservation is frequently measured by changes in gross irrigation because the return flow to the aquifer is minimal and very slow. In this case, the conservation impact of an efficiency improvement is an empirical question: even if net irrigation increases, gross irrigation may change in either direction depending on the size of the net irrigation response. In developing empirical models to assess irrigation responses, researchers face several complications. First, irrigation differs from many other inputs because it can be dynamically adjusted as the growing season progresses. One approach to this issue in the literature is to solve for optimally timed irrigation events during the growing season. This is known as the irrigation scheduling problem, which several researchers have attacked with optimization methods including dynamic programming (e.g., Yaron et al., Bras and Cordova) and optimal control (Feinerman and Falkovitz) . In these models, the irrigation decision at each point in time depends on the cost of irrigation compared to its benefits in terms of increased expected yield.
A second complication is the influence of risk-averting behavior on irrigation choices. To accurately model irrigation decisions in semi-arid regions such as the High Plains, timing and uncertainty issues are best modeled jointly, as the ability to adjust irrigation amounts as growing conditions evolve is viewed as a producer's primary tool for managing production risk. Rainfall in the High Plains is normally inadequate to obtain maximum crop yields and is highly variable within and across growing seasons. For a well of a given capacity, a more efficient system increases the amount of net irrigation that can reach the crop in periods of low rainfall. More efficient systems therefore lead to higher average yields as well as less variability in yields across years. Irrigators may adopt more efficient systems to protect the yields of water-intensive crops such as corn, which is highly sensitive to water stress during critical growth periods. This incentive is likely one of the factors that drove the rapid conversion from flood to center pivot systems in the High Plains in the 1990s (Peterson and Bernardo) .
The objective of this paper is to analyze and quantify the effect of irrigation efficiency on groundwater conservation in the High Plains. We construct a mathematical programming model to compare irrigation systems with varying efficiency levels, taking account of irrigation timing, production risk and well capacity limits. Our empirical analysis is for irrigated corn production in western Kansas, representing the largest and fastest growing irrigated crop by acreage in this region over the past several years (Peterson and Bernardo) . Data to estimate a Just-Pope production function for corn were generated from the Kansas Water Budget (KWB) model (Stone et al.) , a daily-loop plant growth simulator designed for western Kansas conditions. The estimated production function is then incorporated in a two-moment risk programming model that solves for optimal irrigation schedules under observed rainfall patterns over several years, subject to well-capacity and authorized-use constraints. The two-moment approach to modeling decisions under uncertainty is based on the work of Just and Pope; Meyer; and Leathers and Quiggin.
To determine the impact of efficiency on groundwater conservation, we obtain optimal irrigation schedules for three irrigation systems with varying efficiencies (flood, center pivot sprinkler, and subsurface drip). In addition, we evaluate the long-run investments in these technologies by comparing the moments of the net return distributions under their respective optimal irrigation schedules. Comparisons are made under four combinations of well capacity and risk attitude. In all four cases, we find that gross irrigation does not respond monotonically to irrigation efficiency. Nevertheless, the more efficient systems (sprinkler and drip) always result in less gross irrigation than the inefficient flood system. Efficient systems also consistently increase yields and gross returns per acre, in large part because irrigation can be more effectively timed-more water can be delivered to the crop during episodic periods of low rainfall.
The remainder of the paper is organized as follows. The next section reviews and places our work in the context of the literature on irrigation investments and irrigated yield response. A third section introduces the two-moment decision model, which serves as the basis for the empirical analysis in the fourth section. The fifth and final section presents our conclusions and their policy implications.
Previous Work
Several studies have evaluated investments in new irrigation technologies (e.g., Caswell and Zilberman; Knapp; Letey et al) . O'Brien et al. (2001a) reviewed studies on irrigation investment decisions specific to the High Plains. In all these investment models, an irrigator evaluates an investment in a new system by comparing investment and ownership costs to the increase in production net returns. The change in net returns results from reductions in production costs as well as increases in production revenue. Efficient systems may reduce production costs because fewer pumping hours are needed for a given amount of net irrigation, and also because operating expenses per hour may be smaller (Williams et al. 1997 ). Revenue will be affected if the new system increases crop yields. In general, the revenue impacts have received less attention in investment studies, presumably because they are more difficult to estimate than cost changes.
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In order to capture the changes in revenue, the yield responses to water must be quantified. Agricultural economists have typically accomplished this by estimating production functions of the form f(w, z), which express crop yield as a function of total applied water during the season, w, and other nutrient inputs, z (e.g., nitrogen). Although the most appropriate functional form for this relationship is still unresolved in the literature, a simple linear relationship is often statistically outperformed by more general functions.
The idea of a linear response is often attributed to von Liebig, who hypothesized that output "stands in direct relation" to whichever input is limiting (Paris, p. 1019) . Subsequent researchers interpreted von Liebig's hypothesis as being equivalent to a linear response and plateau (LRP) model, in which inputs are not substitutable and yield responds linearly to the limiting input until maximum yield is reached. Using a series of nonnested hypothesis tests, An important early contribution of these experiments was the finding that crop yields are more sensitive to changes in ET at certain times in the growing season or "stages of production" than at others (e.g., Shipley and Regier; Robins and Domingo) . This led to modeling frameworks that explicitly account for different plant growth stages in the yield-ET relationship (e.g., Doorenbos and Kassam; Buller et al.) . The Kansas Water Budget (KWB) model (Stone et al.) is typical of the recent generation of crop simulators. It computes ET on a daily cycle from daily observations of rainfall, irrigation, solar radiation, and temperature. Crop yield is then predicted from a function of four variables that represent accumulated daily ET in four stages of growth.
Our analysis in this article combines the approaches from agricultural economics and agronomy. A two-moment production function is estimated from data generated by the KWB simulator, where the inputs in the production function are specified as water applied during the four stages. This produces reduced-form relationships between stage-specific water inputs and the first two moments of the yield distribution. The remainder of the economic analysis can then proceed by abstracting from the biophysical details of production. The estimated relationship also captures the technical substitution or complementarity among water inputs during different stages of plant growth.
Model Development
Consider an irrigator's water-use decision on a single land parcel in a given year. To capture the effect of irrigation timing, let the growing season be divided into a finite number of plant growth stages, indexed by i = 1, ..., I. The irrigator faces uncertainty in rainfall across years, which is represented by the discrete states of nature, s = 1, . In addition to the risk from variation in rainfall across years, producers face another layer of uncertainty due to other uncontrollable factors within each growing season. Conditional on a realized pattern of rainfall r s and an irrigation schedule x s , crop yield is still a random quantity because it depends on other random (and often unobserved) variables such as pest populations and site-specific variations in wind and humidity. We assume these within-season random factors can be captured by a Just-Pope production function, where yield in state s obeys
The functions f(w s ) and h(w s ) represent the effect of applied water on the mean and standard deviation of yield in state s, respectively (Just and Pope). f(w s ) is assumed to be increasing and concave in all its arguments, while the signs of its cross-partial derivatives depend on the technical complementarities or substitution among water inputs in different production stages. 
where p is the output price, c(g, e) represents marginal (i.e., per unit) pumping costs of gross irrigation, g denotes well capacity, and k(e) is other costs that include non-water production costs and the annualized investment cost of irrigation capital. Marginal pumping costs are assumed to decrease with well capacity (c/g  0) but may either increase or decrease with changes in efficiency (c/e may be of either sign). The response of cost to efficiency is an empirical question because some efficient systems require additional pressurization that consumes additional energy. For analytical convenience, we assume there are a large number of available technologies along a continuum of efficiency levels, so that e can be treated as a continuous variable. This allows us to identify the impact of efficiency changes through comparative static analysis of differential changes in e. We also assume that higher efficiency systems require higher investment costs, so that k (e)  0.
Conditional on state s, the only stochastic component in (2) is  s . The probability distribution of  s induces a distribution of profit conditional on state s and the irrigation schedule
, which has a mean and standard deviation of
Irrigators seek to maximize the expected value of utility from profit:
where u() is a utility-of-income function.
The integral in (5) 
Leathers and Quiggin showed that the location-scale property holds in the Just-Pope production model. The appendix demonstrates this result using our model notation.
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From equations (5) and (6), given a well capacity g and current irrigation efficiency e, the irrigator's decision problem can be written capacity is g. 6 The producer's decision problem is to select a set of state-contingent irrigation schedules to maximize expected utility, subject to well capacity constraints. The solutions to (7) are a collection of vector functions, x s (g, e, r s ), s = 1, ..., S; each function represents the optimal irrigation schedule in a given state s as a function of well capacity, efficiency, and the pattern of rainfall.
Long-run Decisions
While the solutions x s () represent an irrigator's optimal short-run or within-season irrigation choices, they are also the data necessary to evaluate long-run decisions to invest in new irrigation technology. Analyzing the long-run decision allows us to assess the impact of investment subsidies on water conservation and producer welfare. Denote the maximized value of expected utility from problem (7) by An irrigator will make a long-run investment in a technology that increases irrigation efficiency from, say e to e, if and only if
If this condition is initially violated, then the producer does not expect the benefits of the investment to outweigh its costs. If the investment costs in the more efficient technology are subsidized enough so that (8) is satisfied, however, the producer will invest in the new technology, with the result that irrigation efficiency and expected producer welfare are both increased.
Whether such programs reduce water use is a separate question. Insight on this question can be gained by considering the effect of a differential change in e on the first order necessary condition for an optimal value of x is from problem (7). Assuming an interior solution where x is > 0, this first-order condition is 
where subscripts denote partial derivatives (e.g., f i () = f()/w is ), and  is is the multiplier on the
x is ] = 0. If the constraint for x is is strictly binding ( is > 0 and x is = b i (g)), then water use stays constant at the upper application limit for an differential change in e.
Therefore, e affects water use only if the constraint is slack. In this situation,  is = 0 and (9) can be simplified to Differentiating (11) with respect to e and rearranging, 
Empirical Application to Corn Production on the Kansas High Plains
We apply the model above to irrigated corn production in western Kansas. Irrigated corn acreage in western Kansas more than doubled between the mid 1980s and 2000 and now accounts for about 53% of irrigated land area in the region. It is regarded as the crop of choice among Kansas irrigators, most likely due to varietal improvements over the past 20 years that have dramatically raised corn yields relative to competing crops (Peterson and Bernardo) .
Data and Estimation
Yield data to estimate a Just-Pope production function were generated from the KWB model. ripening from August 5 to September 23 (50 days). 240 values of w = (w 1 , w 2 , w 3 , w 4 ) were constructed using sixteen years of rainfall data from Tribune, Kansas (1985 Kansas ( -2000 and fifteen randomly generated irrigation patterns. The KWB model was run for each of these combinations to generate a predicted corn yield. In addition to applied water, the KWB model requires inputs of daily minimum and maximum temperatures and solar radiation; these variables were set to the observed values at Tribune for the year corresponding to the rainfall data.
Because irrigation scheduling and investment decisions depend on the shapes of both the mean-of-output and the variance-of-output functions, the flexible translog form was specified for both functions to minimize the number of a priori restrictions on these relationships. Thus, both f(w) and h(w) take the general form To aid in interpretation, table 2 reports the response elasticities of water at each growth stage in both equations. In computing the elasticities at the minimum and maximum values each variable, other variables were held at their mean values. Expected yield is most responsive to water in the preplant and flowering stages at low levels of application (elasticities at minimum water values are  = 0.467 and  = 0.409 in these two stages, respectively). In both these stages, the response rate declines as additional water is applied. In the vegetative stage, the expected yield elasticity is negative, albeit small ( = -0.052), at low levels of application. This result may arise because water stress early in the season encourages deeper rooting that increases the response to water in later stages. Thus, holding water applications at other stages constant at their mean values, more water in the vegetative stage may reduce yields in a dry year. The expected yield elasticity with respect to water in the ripening stage is constant and relatively small ( = 0.033).
Perhaps contrary to expectations, the standard deviation elasticities suggest that water is not a risk-reducing input in all growth stages. Yield variability increases with water use during the "early" stages (the standard deviation elasticities in the preplant and vegetative stages are 0.092 and 0.592, respectively). This result may also be related to plant root depth, since shallow roots from additional early water will expose the producer to more risk. In the flowering stage, the marginal effect of water on risk depends on how much water is applied. At low levels of application, the marginal unit of water substantially increases yield variability ( = 2.624), while water reduces risk at the margin at larger application levels. Water during the ripening stage reduces risk at all application levels ( = -0.07). The different impacts on risk across stages of production may explain some of the conflicting results in previous empirical studies, where water was found to be risk-increasing in some cases and risk-reducing in others.
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Optimal Irrigation Schedules
Optimal irrigation schedules were computed based on the yield functions in table 1 and the twomoment expected utility function
where a is the Arrow-Pratt coefficient of absolute risk aversion. This function is an exact representation of expected utility when returns are normally distributed and utility is of the form
. More generally, it can be regarded as a first order approximation to unknown risk preferences, where different levels of risk aversion can be explored by varying a. Table 3 shows the levels of a and other model parameters. The values for a reflect the range of risk aversion levels for per-acre returns suggested by empirical evidence (Kramer and Pope, 1981, 1986; Grube) . The two well flow rates are typical of low-capacity systems in the Kansas High Plains . Non-water costs of production and costs of irrigation capital are based on Kansas State University Extension budgets and a survey of irrigation equipment dealers (Dumler et al., 2001a (Dumler et al., , 2001b O'Brien et al., 2001b) . The annualized costs of capital assume a usable life of 20, 20, and 15 years, for the flood, sprinkler, and subsurface systems, respectively. All three systems are assumed to irrigate a 160-acre square field. Because the center pivot system only irrigates a 126-acre circle within the field, the non-water costs of production were adjusted by the amount of returns from a wheat-fallow rotation on the nonirrigated "corners" (O'Brien et al., 1998) .
Constrained optimal irrigation schedules were computed by solving the nonlinear programming problem defined in equation (7), where the weather conditions from [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] were regarded as the states of nature. 8 Pumping costs c(g, e) were estimated using the Irrigation Economics Evaluation System software developed by Williams et al. (1996) . The upper limits for irrigation b i (g) were found from standard engineering formulas that relate well capacities in gallons per minute to maximum application rates in acre-inches per acre for a given irrigated area. In addition to the constraints for each growth stage, the annual pumping volume was also constrained not to exceed 24 inches, a typical authorized use on a groundwater right in western Kansas.
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The top portion of table 4 shows the constraint limits for each growth stage (due to the well capacity) and for the season (due to the water right). Note that the capacity limits are larger for sprinkler irrigation than for flood or drip because the same amount of pumped water would be spread over 126 acres instead of 160. The middle and bottom sections of table 4 show the optimal irrigation schedules under risk neutrality and risk aversion, reported as the average of the model solutions over the sixteen states of nature. At 300 gpm, these average optimal irrigation amounts nearly coincide with the well capacity limits for all stages except preplant, while total seasonal irrigation is always below authorized use. At 500 gpm, on the other hand, seasonal irrigation is at or near the authorized quantity and the capacity constraints are only binding in certain cases. These results illustrate the fact that irrigators with low-capacity systems are constrained primarily access to water rather than the legal right to consume it.
As discussed above, water is a risk decreasing input in some growth stages and a risk increasing input in others (table 2) . Thus, risk aversion may affect the seasonal total of irrigation water use in either direction. As shown in table 4, risk-averse producers would apply less water for the season compared to their risk neutral counterparts, although the average difference is less than 6%. Preplant and vegetative irrigation is reduced under risk aversion, since water in these stages increases yield variability.
Effects of Irrigation Efficiency
Converting to systems with a higher irrigation efficiency may affect water use, crop yield, and irrigator welfare. To evaluate the water use effects, we construct three distinct but related , respectively, where each state of nature in the empirical distribution is assumed to occur with equal probability. The quantity of greatest interest for groundwater conservation is total volume pumped from a given well. Here, this quantity is measured by AX , where A is the number irrigated acres in the field (126 acres for center pivot and 160 acres for flood and subsurface systems).
These three water-use measures are in the first three rows of each panel in table 5. The effect of efficiency improvements of water use depends on which measure is selected. In all four combinations of risk aversion and well capacity levels, more efficient systems increase total seasonal effective water (W ). Averaging across the four cases, the sprinkler and subsurface systems deliver 17% and 27% more water to the crop root zone than the flood system, respectively. Total seasonal irrigation per acre ( X ) does not respond monotonically to efficiency, as it is generally highest for the intermediate-efficiency sprinkler system.
Interestingly, volume pumped ( AX ) is also non-monotonic but exhibits nearly the reverse pattern of irrigation itself. Both the sprinkler and subsurface systems reduce total seasonal irrigation-whether measured per acre or by total volume-compared to the flood system.
Because the sprinkler system irrigates fewer acres it results in the smallest pumping volume, even though irrigation per acre is minimized with the subsurface system.
Crop yields uniformly increase with efficiency improvements even in the cases where total seasonal irrigation declines. For example, with a 300gpm well under risk neutrality, converting from flood to a subsurface drip system would increase yield from 118 to 150 bushels per acre (a 27% increase). This yield increase will be obtained even though total seasonal irrigation would decline by an average of about one inch per acre. Higher yields could be obtained both because more water reaches the crop over the whole season (on average, 27 inches instead of 21.4) and because irrigation water can be distributed more effectively within seasons.
The timing effects cannot be captured with standard models that relate output to the seasonal total of inputs.
An irrigators' welfare is measured by long-run expected utility. From equation (14) 
The components of equation (15) are also in table 5. In all cases considered, the subsurface system maximizes both mean yield and the returns to capital and management. The results suggest that irrigators would benefit from high efficiency systems primarily through increased crop yields. Previous research has noted the potential for more efficient systems to reduce the cost of delivering water to the crop. However, in all the cases analyzed here, irrigators with more efficient systems would optimally incur higher pumping costs, which are more than offset by additional revenue from higher yields per acre.
While subsurface systems maximize returns to land and capital, the additional returns do not outweigh the larger investment costs. Expected utility of net returns is maximized with the sprinkler system in all cases, but this result is naturally sensitive to the assumed cost of the subsurface system. The subsurface system would become the optimal choice in all cases considered if its cost were reduced by 30% (for instance, through government cost share programs). In a budget analysis of alternative irrigation systems, O'Brien et al. (1998) also found that the subsurface system was not cost-effective for typical irrigation settings in the High Plains.
However, they noted that subsurface irrigation has an advantage for small or irregular field sizes, since the large fixed investment needed for a sprinkler system creates a prohibitive fixed cost per acre in small fields.
Conclusions and Implications
Cost-share programs for irrigation investments are often cited as a possible strategy for conserving groundwater. These policies may not have the desired effect in general; an increase in irrigation efficiency may either increase or decrease gross irrigation depending on production relationships. However, our empirical results suggest that such incentive programs would reduce irrigation water use for corn production in the Kansas High Plains. Converting from flood to a subsurface drip system would decrease both irrigation per acre and the volume of groundwater withdrawn. The conversion from flood to center pivot would increase irrigation per acre but decrease the volume pumped because fewer acres would be irrigated.
Our analysis explicitly considered the effects of irrigation timing and production risk.
Timing effects were found to be important overall and led to "unexpected" relationships between crop outputs and irrigation inputs. Higher yields were obtained with fewer inches of total irrigation because irrigation water is more effectively distributed throughout the season. Our results also reflect the importance of production risk in semi-arid High Plains: across the cases analyzed, the standard deviation of net returns was between 50% and 155% of the mean returns to land and capital. Despite the importance of risk itself, the water-use predictions of the model were quite robust to the assumption that irrigators are risk-averse. Optimal irrigation schedules for a risk-averse decision maker differ from the risk-neutral case by less than 10%. This result is consistent with Pannell, Malcom, and Kingwell's assertion that risk aversion generally has a small impact on continuous input choices (such as irrigation amounts), because the expected utility function is relatively "flat" in the neighborhood of an optimal input strategy. However, risk aversion generally has a greater impact on discrete decisions such as investments in new irrigation technologies.
For irrigators, high efficiency systems are a potentially effective way of counteracting groundwater depletion. The conversion from flood to center pivot was found to be cost-effective for all cases considered, and the benefit of this conversion was largest for a low well capacity.
This finding is consistent with the recent investment trends in western Kansas, where more than half of flood-irrigated acreage in 1991 had been converted to center pivot systems by 2000 (Peterson and Bernardo) . The subsurface drip system consistently generated the largest return to land and capital, but the additional returns were not large enough to outweigh its substantial ownership cost. However, a cost-share program that reduced subsurface drip installation costs by 30% would make it the farmer's optimal choice in all cases. Our results therefore lend some support to the idea that such a cost share program would serve the dual objectives of groundwater conservation and improving irrigators' welfare.
Footnotes
1 A simple example can illustrate this result. Suppose irrigation efficiency is initially 50%, and that net and gross irrigation are 100 and 200 acre-feet, respectively. Suppose also that a new irrigation system would increase efficiency to 75%. If the irrigator adopts this system and increases net irrigation by a "small" amount, to 120 acre-feet, then gross irrigation will decrease to 160 acre-feet. But if the net irrigation response is "large," to 180 acre-feet, then gross irrigation will increase to 240 acre-feet.
2 Irrigation costs are now well understood from engineering research and can be accurately predicted for most irrigation systems (Williams et al., 1996) . ----------------------------------inches ------------------------------------Irrigation Constraint Limits e 30% reduction in investment costs for subsurface drip.
